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Abstract MicroRNAs provide an additional layer in the
regulation of gene expression acting as repressors with
several targets at the posttranscriptional level. This study
describes microRNA expression patterns during differen-
tiation and activation of mast cells. The expression levels
of 567 different mouse miRNAs were compared by
microarray between c-Kit+ committed progenitors,
mucosal mast cells, resting and IgE-crosslinked BMMCs in
vitro. The strongest upregulation of miR-132 upon IgE-
mediated activation was validated in human cord blood-
derived mast cells as well. HB-EGF growth factor also
upregulated upon activation and was ranked high by more
prediction algorithms. Co-transfection of miR-132 mim-
icking precursor and the 3'UTR of human Hbegf-
containing luciferase vector proves that the predicted
binding site is functional. In line with this, neutralization of
miR-132 by anti-miR inhibitor leads to sustained produc-
tion of HB-EGF protein in activated mast cells. Our data
provide a novel example for negative regulation of a
growth factor by an upregulated miRNA.
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Abbreviations

3’-UTR 3’-Untranslated region

BMMC Bone marrow-derived mast cell

CREB Cyclic AMP-response-element-binding
protein

CTMC Connective tissue-type mast cells

DNP-HSA Dinitrophenyl-human serum albumin

FAM Fluorescein amidite

FBS Fetal bovine serum

FGF2 Fibroblast growth factor 2

FYN Oncogene related to SRC, FGR, YES

HB-EGF Heparin-binding EGF-like growth factor

HER2 Human epidermal growth factor receptor 2

IL-3 Interleukin-3

LYN v-yes-1 Yamaguchi sarcoma viral related
oncogene homolog

MeCP2 Methyl CpG-binding domain protein-2

MMC Mucosal mast cells

mMcptl Mouse Mast Cell Protease-1

NGF Nerve growth factor

PLC-y Phospholipase C-y

SCF Stem cell factor

SYK Spleen tyrosine kinase

TGF-f Transforming growth factor beta

VEGF Vascular endothelial growth factor

Introduction

MicroRNAs (miRNAs) represent a new layer of gene
expression regulation by interacting with mRNAs and
subsequently repressing translation in animals. The mature
form of miRNAs consists of approximately 21-25 nucle-
otides, which can initiate either the suppression of

@ Springer


http://dx.doi.org/10.1007/s00018-011-0786-3

794

V. Molndr et al.

translation or cleavage of their targets by binding to the 3’-
untranslated region of the mRNA. This recognition is based
on complex and not well understood sequence comple-
mentary rules. miRNAs influence a wide variety of
developmental events, such as the appropriate establish-
ment of tissue- or cell type-specific expression patterns
during the multicellular differentiation processes. As they
are able to adjust the concentration of many proteins in a
rapid and synchronized manner, miRNAs are thought to
play an important role in cell responses and adaptation to
the environment [1, 2].

The regulation of mammalian hematopoiesis and
immune functions also seems to be coordinated by
miRNAs, which may represent a gene regulatory network
beneath the well-characterized signaling pathways. Some
miRNAs are preferentially expressed in distinct subsets
of immune cells, such as miR-142, miR-150, miR-155,
miR-181, miR-221/222 and miR-223, indicating their
possible role during differentiation. Among these miR-
NAs, miR-181a and miR-150 are regulators of adaptive
immunity, while the more pleiotropic function of miR-
155 was underlined also in T and B cells and monocyte/
macrophage lineages [3]. In addition, the role of mi-
croRNAs is not restricted to the cell fate decisions, but
they are active participants in the regulation of mature
cell responses.

During the past few years many computational algo-
rithms have been developed to predict miRNA targets with
more or less reliability. The target prediction criteria vary
widely among the different computational methods, but in
general they include (1) Watson-Crick basepairing of the 5
2-8 nucleotides of the miRNA to a complementary site in
the 3’'UTR of the mRNA, (2) calculation of minimum free
energy (MFE) of the interacting RNA-RNA duplexes and
(3) evolutional conservation of the miRNA binding site [4].
Although the prediction of interactions between RNA
molecules by using pure sequence data seems to be more
feasible compared to transcription factor-DNA predictions,
more as yet unidentified factors should be taken into con-
sideration, since the overall performance is typically just
acceptable with an approximately two-thirds false-positive
rate [5].

Although mast cells are primarily known as effectors of
allergic inflammatory reactions, they play a critical role in
host defense mechanisms by orchestrating the innate and
adaptive immune responses, too [6, 7]. In marked contrast
to other hematopoietic lineages, mast cells leave the bone
marrow as immature precursors and complete their matu-
ration in the local mucosal or connective tissues.
Depending on the tissue context, they may undergo dif-
ferentiation to give rise to morphologically and
functionally identifiable mature mast cell subtypes. There
are at least two distinct subpopulations of mast cells in
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rodents: the connective tissue-type (CTMCs) and the
mucosal mast cells (MMCs). While the former cell popu-
lation can be characterized with a high level of Mcptl and
Mcpt2, the latter mast cell group expresses predominantly
Mcpt4, Mcpt5 (chymasel, cmal), Mcpt6 (tryptase beta2,
Tpsb2), Mcpt7 (tryptase alpha/betal, Tpsabl) and car-
boxypeptidase 1 [8, 9]. These subtypes differ in location,
staining characteristics, mediator content and dependency
of T cell-derived cytokines. In humans, mast cell subpop-
ulations are usually classified based on their protease
content. In contrast to the MCr type, which produces only
tryptase, MCrc cells contain both tryptase and chymase,
members of two protease families that contribute critically
to various pathological conditions either as pro-inflamma-
tory or protective players (e.g., in parasitic and bacterial
infections, allergic inflammation and arthritis) [10].
According to their tissue localization, the MCy type cor-
responds to MMCs and the MCyc cells to CTMCs in
rodents [11].

The activation of mast cells results in releasing a wide
range of mediators in allergic reactions, which can be
evoked by the contribution of IgE and its high-affinity
receptor (FceRI) on the surface of mast cells. This process
is regulated by crosslinking the FceRI receptors, which is
initiated by an interaction between the antigen and the
receptor-bound IgE. Subsequently kinases, such as FYN,
LYN or SYK, are rapidly phosphorylated at tyrosine resi-
dues, and their activation induces PLC-7y, leading to the
production of inositol triphosphate and to the increase of
intracellular calcium concentration. Mast cells are able to
secrete preformed mediators upon stimulation, such as
biogenic amines (e.g., histamine), proteoglycans and pro-
teases. At the same time, their activation also initiates the
de novo synthesis of lipid mediators, cytokines, chemo-
kines and specific growth factors (TGF-f, NGF, VEGF,
FGF2, etc.) [12]. Importantly, some of the growth factors,
such as activin A, amphiregulin and heparin-binding epi-
dermal-like growth factor (HB-EGF), known for its ability
to induce the growth of fibroblasts and smooth muscle
cells, were found to be upregulated by IgE crosslinking in
mast cells of various origin [13, 14].

HB-EGF, a member of the EGF family, is implicated in
various biological processes, like wound healing [15-17],
blastocyst implantation [18], heart function [19] and dis-
eases, such as cancer [20] and arteriosclerosis [21]. HB-
EGEF is initially synthesized as a transmembrane protein
(pro-HB-EGF), which has been identified as the receptor
for diphteria toxin. Pro-HB-EGF is then cleaved by matrix
metalloproteinases, resulting in the release of the mature,
soluble form. HB-EGF binds to its receptors HER2 and
HER4 in the presence of heparan sulfate as cofactor. Many
cell types, including epithelial cells, skeletal muscle cells,
macrophages, keratinocytes and T cells, express HB-EGF,
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and it shows potent mitogenic and chemotactic activity for
fibroblasts and epithelial cells [22, 23].

In the present study, we performed miRNA gene
expression profiling using microarray technology to gain
insight into the differentiation process of mature MMCs
and the IgE-mediated activation of BMMCs, a widely
accepted in vitro model system. From among genes
expressed differentially upon IgE-crosslinking, miR-132
microRNA showed the highest upregulation; thus, we
selected it for further analysis. To investigate the role of
IgE-induced miR-132 expression, we carried out a bioin-
formatic search in different target prediction databases to
select functionally relevant targets. According to three
prediction algorithms, HB-EGF turned out to be a highly
ranked candidate for miR-132 targets, which was experi-
mentally confirmed. As HB-EGF is also upregulated upon
mast cell activation, miR-132 may play an important
negative regulatory role in adjusting the appropriate level
of this mitogenic mediator, thus influencing the growth of
resident tissue cells. This feedback loop becomes espe-
cially interesting in physiological responses and diseases at
the intersection of tissue remodeling and inflammatory
activity of mast cells, such as wound healing or asthma,
nasal polyposis and psoriasis.

Materials and methods
Cell lines and transfection

CHO epithelial cell line (ATCC, Manassas, VA) was prop-
agated in Ham’s F12 medium with 10% fetal bovine serum
(FBS). The mouse macrophage cell line J774.2 was cultured
in Dulbecco’s modified Eagle’s medium (DMEM) with 10%
FBS. MC/9 mouse mast cell line (ATCC no. CRL-8306) was
maintained in high glucose (4.5 g/1) DMEM supplemented
with 6 mM L-glutamine, 1 mM sodium pyruvate, 0.1 mM
non-essential amino acid solution (Sigma-Aldrich, St. Louis,
MO), 0.05 mM 2-mercaptoethanol, 10% rat T-STIM (Bec-
ton Dickenson, Mountain View, CA) or conditioned medium
of concanavalin A-stimulated (Sigma-Aldrich) mouse
splenocytes and 10% FBS.

Then 4 x 10° MC/9 cells or BMMCs were transfected
using a Nucleofector II device (Lonza, Cologne, Germany,
program X-005) in 100 pl Solution V according to the
manufacturer’s protocol. To determine the transfection
efficiency (varying between 55 and 85% in MC/9 deter-
mined by flow cytometry), control cells were transfected
with pmaxGFP vector. For transfections, miR-132 miRNA
precursor (Pre-miR-132) and Pre-miR-132 negative con-
trol, Anti-miR-132, as well as Anti-miRNA negative
control oligonucleotides, were purchased from Applied
Biosystem.

Generation of bone marrow-derived mast cells

BMMCs were generated from bone marrow of 6- to
8-week-old male BALB/c mice. Briefly, mice were killed,
and femora with intact medullary cavities were removed.
Sterile, endotoxin-free medium was flushed repeatedly
through the bone shaft using a needle and syringe. The
suspension of bone marrow cells was centrifuged at
320xg for 10 min and cultured at a concentration of
0.5 x 10° cells/ml in RPMI 1640 with 10% FCS, 100 U/
ml penicillin, 100 pg/ml streptomycin, 2 mM L-glutamine,
and a combination of 5 ng/ml interleukin-3 (IL-3) and
20 ng/ml stem cell factor (SCF) (Sigma-Aldrich) for
3-4 weeks at 37°C in a humidified atmosphere with 5%
CO,. Nonadherent cells were transferred to fresh medium
at least twice a week. After 3—4 weeks when a mast cell
purity of >90% was achieved (as assessed by flow cyto-
metric analysis), the cells were used for experiments. To
compare microRNA gene expression changes during mast
cell differentiation, c-Kit positive mast cell progenitors
were magnetically isolated on the 6th day. To establish an
in vitro model of MMC differentiation, the culture medium
of 4-week-old BMMCs was supplemented with 10 ng/ml
IL-9 (Immunotools, Friesoythe, Germany) and 2 ng/ml
TGF-f (Sigma-Aldrich) for 5 days. The maturation of
BMMCs to MMCs was verified by measuring the marked
upregulation of mast cell protease-1 (mMcptl). To inves-
tigate the activation, BMMCs were sensitized with 3 pg/ml
anti-dinitrophenyl (DNP) IgE (clone SPE7, Sigma-Aldrich)
for 2-4 h, washed and then challenged with DNP-HSA
(Sigma-Aldrich) for 2 h unless otherwise indicated. The
antigen concentration for the maximal mast cell activation
was determined by IL-13 qRT-PCR (for more details, see
the Supplementary methods).

Human cord blood-derived mast cells

Human mast cells were differentiatied from umbilical cord
blood with the permission of the local ethics committee of
the Semmelweis University. Whole blood was diluted with
RPMI 1640, and the mononuclear cells were separated with
Histopaque-1077 (Sigma-Aldrich). Residual erythrocytes
were removed by hypotonic lysis, and the mononuclear
cells were resuspended in 0.5% BSA and 2 mM EDTA.
After labeling with anti-CD34 microbeads, the cells were
magnetically isolated twice (Miltenyi Biotech, Bergisch
Gladbach, Germany). The CD34+ cells were then resus-
pended in RPMI 1640 with 10% FBS, 2 mM L-glutamine,
0.1 mM nonessential amino acids, 100 U/ml penicillin and
100 pug/ml streptomycin. The cells were seeded at 10°
cells/ml and cultured in the presence of 100 ng/ml SCF,
50 ng/ml IL-6 and 3 uM lysophosphatidic acid (LPA,
Sigma-Aldrich). Cells were cultured for up to 8 weeks, and
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the culture medium was replaced weekly. To examine the
IgE-mediated activation of human mast cells, cells were
sensitized with human myeloma IgE (Serotec, Diisseldorf,
Germany) at 37°C overnight. After washing, they were re-
suspended in 0.5% BSA in DMEM, and challenged with
1.5 pg/ml of rabbit anti-human IgE (Dako Corp., Glostrup,
Denmark) at 37°C for 2 h.

Flow cytometry

Cells were washed twice with 0.5% BSA in PBS and then
labeled at room temperature for 30 min. The following
antibodies were used: anti-mouse CD117 APC, anti-mouse
B220 PE, anti-mouse CD11b PE, anti-mouse TER119 PE,
anti-mouse CD5 PE (all from Pharmingen, San Diego, CA)
and anti-mouse FceRIx biotin (eBioscience, San Diego,
CA). Then 10,000 cells were measured by FACSCalibur
(BD Biosciences, San Jose, CA), data were collected with
CellQuest (Becton-Dickinson Immunocytometry Systems,
San Jose, CA) and further analyzed by the FlowJo software
(TreeStar, Inc., Palo Alto, CA).

RNA isolation, quality determination, reverse
transcription and real-time PCR

RNA from cell samples was extracted by miRNeasy Mini
Kit (Qiagen, Valencia, CA), the quantity and quality of
total RNA were assessed by a NanoDrop ND-1000 spec-
trophotometer (NanoDrop Technologies, Wilmington, DE)
and Agilent 2100 Bioanalyzer (Agilent Technologies, Palo
Alto, CA), respectively. Only those samples were used for
microarray experiments that gave >8.0 for RNA integrity
number and showed a clear gel image, and for which no
DNA contamination was observed on the histogram.

To determine mRNA expression, 1 pg RNA was con-
verted to cDNA by 1.25U MuLV reverse transcriptase
(Applied Biosystems, Foster City, CA) with random
primers in the presence of 20 U RNasin ribonuclease
inhibitor (Promega, Madison, WI) at 42°C for 55 min.
MuLV was then inactivated at 95°C for 5 min. The real-
time PCR reactions were carried out in an ABIPrism 7000
instrument according to the manufacturer’s instructions
with 2 pl RT-product in each well and in 25 pl final
volume.

To measure microRNA expression, primer sets for
specific microRNA assays and sno135 endogenous control
and the MicroRNA Reverse Transcription Kit were utilized
following the manufacturer’s protocol. Briefly, 10 ng of
each total RNA sample was transcribed by Multiscribe
Reverse Transcriptase. QRT-PCR was carried out using
Applied Biosystems 7000 Real-Time PCR system. The
relative expression of each miRNA and mRNA was cal-
culated from the equation 272, where AC, = mean C,
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(miRNA) — mean C; (internal control) (where C; is the
threshold cycle for a sample). The applied TagMan gene
expression and microRNA assays are listed in Supple-
mentary Table 1. All reagents and instruments for RT-PCR
were purchased from Applied Biosystems, Inc., except
when otherwise indicated.

Microarray

For microRNA profiling, the Agilent Mouse miRNA
Microarray Kit (G4472A, 8 x 15 k) was applied according
to the manufacturer’s instruction (version 1.0) with
100-100 ng quality-checked total RNA. The labeled sam-
ples were hybridized for 20 h at 55°C. The arrays were
scanned with an Agilent DNA Microarray Scanner BA, the
signal quantification was carried out by Feature Extraction
10.7 Image Analysis Software, and data were further ana-
lyzed by Genespring GX10.0. Raw data were normalized to
the 75th percentile signal intensity, and entities showing
present call in all samples of a condition were filtered out.
Differentially expressed genes were selected when passing
the signal intensity filter (entities where at least 100% of
samples in any one out of four conditions have values
within cutoff) and showing at least twofold statistically
significant change (ANOVA and Tukey HSD post-hoc test,
with Benjamini-Hochberg Multiple Testing Correction
p value <0.05) between BMMC and any other groups. The
microarray data are deposited in NCBI Gene Expression
Omnibus with accession no. GSE24321.

Luciferase assay

The effects of miR-132 mimics on endogenous human HB-
EGF 3'UTRs were measured using the luciferase reporter
construct (SwitchGear Genomics, Menlo Park, CA). A
vector containing a random genomic sequence was used to
control for overall signal variation caused by the cellular
non-specific response (non-target 3’UTR). Transient
transfection assays were conducted in CHO cells in 96-well
plates. Transfection efficiency was adjusted with FAM-
conjugated negative control pre-miR oligonucleotides and
typically yielded ~80% (Fig. S1) with >95% viability as
determined by propidium-iodide staining at 24 h. Briefly,
6,000 cells per well were seeded in culture medium 24 h
before transfection. Next, 0.15 pl Dharmafect Duo
(Thermo Fisher Scientific, Waltham, MA) was used in each
well to transfect 100 ng of plasmid DNA and either a
miRNA mimic or a non-targeting control according to the
manufacturer’s protocol. Pre-miR-132 and non-targeting
controls (Pre-miR negative control, Ambion, Austin, TX)
were added at a final concentration of 3, 30 and 90 nM.
After 24 h, 100 pl of the Steady-Glo Luciferase Assay
System reagent (Promega, Madison, WI) was added into
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each well, incubated at room temperature for 30 min, and
then signals were determined in a standard plate lumino-
meter (Labsystems Luminoskan RS Microplate Reader,
Helsinki, Finnland). Each transfection was conducted and
assayed in triplicate.

Western blotting

For Western blotting, protein extracts were prepared by
resuspending cell pellets in 1% NP-40 (Igepal CA-630,
Sigma-Aldrich) lysis buffer containing 50 mM Tris-HCl
(pH 8.0), 150 mM NaCl, 1 mM EGTA, 5 mM NaF, 2 mM
phenyl-methyl-sulfonyl-fluoride, 1 mM Na-orthovanadate,
10 pg/ml leupeptin and 10 pg/ml aprotinin. Debris was
removed by centrifugation, and the protein yield was
assessed by spectrophotometry (Total Protein Kit, Micro
Lowry, Peterson’s Modification, Sigma-Aldrich). Then
30-pg aliquots of heat-denatured, f-mercaptoethanol-trea-
ted protein samples were loaded on precast Ready Gels
(Bio-Rad, Hercules, CA). Gels were blotted onto polyvi-
nylidene difluoride membranes (Bio-Rad), the membranes
were blocked with 5% milk powder in TBS and 0.1%
Tween-20 for 1 h, and then incubated with 1.5 pg/ml goat
anti-human HB-EGF (R&D Systems, Minneapolis, MN)
overnight at 4°C. Blots were washed, the secondary anti-
body (1:3,000 HRP-conjugated anti-goat IgG) was applied
for 45 min and the immunoreactive bands were visualized
with the ECL-Plus Western blotting Detection System (GE
Healthcare-Amersham Biosciences, Piscataway, NJ). Spe-
cific band size was determined with the Fermentas Plus
Prestained Protein Ladder (Fermentas, Glen Burnie, MD).
As a housekeeping control the beta-actin level was deter-
mined by using mouse anti-actin antibody (Sigma-Aldrich,
1:1,000 dilution) and HRP-conjugated anti-mouse IgG
(Dako Corp., Glostrup, Denmark, 1:10,000 dilution).
Image analysis was carried out with the ImageJ software (
http://rsb.info.nih.gov/ij/).

Target predictions

To improve the robustness of target prediction for miR-
132, data sets of the three most commonly used target
prediction databases were used simultaneously. Using
the outputs of the target prediction algorithms from PicTar
(http://pictar.mdc-berlin.de/), MirBase (http://www.ebi.ac.
uk/enright-srv/microcosm/) and TargetScan (version 5.1,
http://www.targetscan.org/), lists of putative target genes
were generated. As different IDs are applied by the three
target prediction algoritms, the identifiers of BioMART
(http://www.ensembl.org/Multi/martview) were used to
generate a comprehensive list. If more transcript IDs cor-
respond to one HUGO identifier, the ones included in the
other two data sets were chosen. In order to collate the

annotated data sets, the corresponding scores (proportional
with the likelihood of interaction between mRNA and
microRNA) were ranked in a range from O to 100. These
procedures were carried out both with the mouse and
human data sets.

Results

Marked change in the microRNA pattern during mast
cell differentiation

Although BMMCs are a widely accepted in vitro model
system for studying mast cell functions, they represent an
immature cell population that needs other factors to com-
plete their differentiation. Previous studies have provided a
detailed description for generating MMCs in vitro, a close
homolog of the mast cell population existing in the intes-
tinal mucosa [24, 25], and this protocol has been
successfully implemented in our laboratory [26, 27].

To identify microRNA genes with a characteristic
expression profile during the differentiation and activation
of murine mast cells, putative committed mast cell pro-
genitors (c-Kit+ cells isolated on the 6th day of
differentiation), immature mast cells (BMMC), mucosal-
type mast cells (MMC) and IgE-activated BMMCs (Fce
receptor-bound IgE were cross-linked by DNP-HSA for
2 h) were produced and applied to single channel micro-
array experiments. Next, genes showing a >2.0-fold up- or
downregulation at p < 0.05 significance level were selec-
ted. Since miRNAs are well known to play an outstanding
role in the differentiation in various cell types, we expected
the most significant changes to take place between the
c-Kit+ progenitors and the other three groups containing
immature or differentiated mast cells. Unexpectedly,
mucosal differentiation did not result in major changes of
microRNA levels, although it can be characterized with a
marked phenotypic and gene expression alteration [26]
(Fig. 1a).

Our microarray data analysis resulted in 64 miRNAs
with significant expression difference among the experi-
mental groups. miRNAs with a higher signal intensity than
the average background and with an at least twofold
change between the BMMC and any other group were
further processed for statistical analyses. During differen-
tiation, when BMMCs were compared to the c-Kit+
progenitors and MMCs, 63 miRNAs showed significant
changes (among them, only three expressed differently
between BMMCs and MMCs). Two hours after IgE-
crosslinking of BMMCs, 7 miRNAs up- or downregulated
significantly (Supplementary Table S2-4). Several miR-
NAs that showed alteration between c-Kit+ progenitor
cells (6th day of culture) and BMMCs are known to be
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mmu-miR-29a
mmu-miR-101a
mmu-miR-195
mmu-miR-652
mmu-miR-26b
mmu-miR-15a
mmu-miR-362-3p
mmu-miR-23a
mmu-miR-24
mmu-miR-338-3p
mmu-miR-27a
mmu-miR-582-5p
mmu-miR-500
mmu-miR-21
mmu-miR-674*
mmu-miR-146b
mmu-miR-23b
mmu-miR-27b
mmu-miR-29b
mmu-miR-29¢
mmu-miR-22
mmu-miR-24-1*
mmu-miR-24-2*
mmu-miR-125a-3p
mmu-miR-452
mmu-miR-134
mmu-miR-721
mmu-miR-874
mmu-miR-4594
mmu-miR-290-5p
mmu-miR-689
mmu-miR-135a*
mmu-miR-877
mmu-miR-22*
mmu-miR-532-5p
mmu-miR-33
mmu-miR-34a
mmu-miR-34b-5p
mmu-miR-193
mmu-miR-106a
mmu-miR-17
mmu-miR-20a
mmu-miR-20b
mmu-miR-19a
mmu-miR-18a
mmu-miR-19b
mmu-miR-92a
mmu-miR-7a
mmu-miR-146a
mmu-miR-130a
mmu-miR-223
mmu-miR-17*
mmu-miR-711
mmu-miR-193b
mmu-miR-451

mmu-miR-132
mmu-miR-135a*
mmu-miR-494
mmu-miR-193
mmu-miR-21
mmu-miR-24-1*
mmu-miR-24.2*

<4 Fig. 1 The heat map of differentially expressed miRNA genes
among murine mast cell samples representing mucosal mast cell
differentiation and activation. a Data passing the signal intensity filter
and showing at least two-fold significant changes between BMMCs
and c-Kit+ progenitors were hierarchically clustered (entities and
conditions, Euclidean metric centroid linkage). b Differentially
expressed miRNAs upon IgE-crosslinking were clustered in a similar
way. Blue color indicates the relative downregulation, red shows
upregulation in the respective group

involved in the differentiation or function of other hema-
topoietic cells (Table 1). Interestingly, miRNAs of the
miR-17-92 and miR-106a-363 polycistronic clusters,
which are well known for their central role in the lymphoid
differentiation, showed an intensive and coordinated
downregulation [28, 29]. In our model the expression of the
myeloid lineage-specific miR-223 was also downregulated
during mast cell differentiation. Similarly, miR-451, which
is characteristic for the erythroid cells, showed a strikingly
lower (~ 66-fold) expression in BMMCs compared to the
progenitors. Taken together, these results show that mast
cells coordinately downregulate many miRNAs during
their differentiation that are specific for other cell lineages.
Importantly, when validating the results of the micro-
array platform by real time RT-PCR, we found a strong
correlation between the two types of data (Fig 2).

miR-132 is upregulated upon IgE-crosslink in mouse
and human mast cells

Since miR-132 showed the highest upregulation upon
activation (Fig. 1b), and it has been implicated in the
regulation of the innate immune response, we selected this
miRNA for futher investigation. Mir-132 was previously
recognized as an endotoxin-responsive gene in human
THP-1 monocytes [39], and BMMCs express TLR4, the
major receptor for LPS [41]. In order to exclude the pos-
sibility that miR-132 is upregulated because of an LPS
contamination of our reagents, first we carried out a control
experiment. According to our results IgE and DNP-HSA,
but not LPS, specifically induce the transcription of mir-
132 in BMMCs (Fig. S2), which not only proves the lack of
LPS in our system, but also rules out the possibility that
miR-132 upregulation is caused by a minor contamination
of the monocyte/macrophage lineage. At the same time, the
treatment with LPS caused a marked induction of proin-
flammatory cytokines (IL-1, IL-6 and TNF-a) in BMMCs,
and it had (but IgE + DNP not at all) a similar effect on
these cytokines in the J774.2 macrophage cell line in a
parallel experiment (Fig. S3). Importantly, the induction of
miR-132 in response to IgE-crosslinking suggested the
involvement of an increase in the cytoplasmic Ca®" con-
centration, a crucial event of the activation process. Indeed,
when using the Ca-ionophor ionomycin in MC/9 mouse
mast cells, miR-132 expression started to increase at
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30 min and reached a plateau phase already at 2 h after
treatment, much earlier than the well-known transcriptional
activation marker IL-13 (Fig. 3). In a recent publication,
upregulation of miR-221 and miR-222 was found upon
ionomycin-induced activation in BMMCs [52]. In our
system, miR-221 was induced with a similar kinetics upon
IgE-crosslinking and ionomycin; however, miR-132
increased to a greater extent compared to miR-221 (Fig.
54-5).

To confirm the activation-induced miR-132 expression
in a human system, mast cells were differentiated in vitro
from the CD34+ fraction of cord blood, and the purity of
the cultures was checked after 6 weeks. Importantly, when
human mast cells were activated by IgE and an agonist
anti-IgE antibody, we observed a marked increase in the
miR-132 level, thus proving that our findings are not
restricted to mouse mast cells.

Target prediction of miR-132
The significant upregulation of miR-132 upon mast cell

activation suggested that this microRNA may participate in
the modulation of genes with a significant role in mast cell
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qRT-PCR

samples per group. f Correlation of miRNA microarray and qRT-PCR
data. Dashed line represents 95% confidence interval (Spearman rank
order correlation R = 0.857, p < 0.05)

activation. Using bioinformatic approaches we searched for
potential mRNA targets of miR-132 by analyzing the
mouse and human predicted data sets. To improve the
robustness of target prediction for miR-132, three different
algorithms were applied simultaneously. The target pre-
diction algorithms assign scores that reflect the probability
of interaction between the given microRNA and its target.
In order to collate the annotated data sets, the corre-
sponding scores were ranked in a range from O to 100 (rank
1 was assigned to the less likely, and the further values
were fractionated as percentages).

As was expected, the diverse inputs and analysis strin-
gency of the prediction algorithms resulted in significant
differences both in the size and in the composition of the
outputs. The number of targets predicted by at least two
algorithms is very low compared to the size of the outputs
generated by one single method, which is extremely
obvious in case of the MiRBase database (Fig. 4a, b).
However, when using only those targets that occurred in
the output of at least two algorithms, the mouse and human
data showed a significant overlap (Fig. 4c, 41 and 53% of
human and mouse targets, respectively), reflecting the high
degree of conservation in binding sites for miR-132. Next
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we graded all the records that were present in the output of
at least two algorithms, thus identifying several genes as
potential targets of miR-132 (Fig. 4d), among them HB-
EGF. Interestingly, the functional annotation of the human
data set led to a list of 96 targets, with an overrepresen-
tation of the TGF-beta signaling pathway (7 elements,
Benjamini-corrected p = 1, 8E-4), ErbB signaling path-
way (4 genes, p = 7, 4E—2), adherens junction (4 targets,
p = 6, 2E-2) and chemokine signaling pathway (5 genes,
p =6, 8E-2) of the KEGG pathways determined by
DAVID v6.7 (http://david.abcc.nciferf.gov).

High-throughput approaches used to study the regula-
tory effects of microRNAs on the protein level have
substantiated the hierarchy of types of binding sites and
proved the significance of multiple sites in the same
3'UTRs. Importantly, the 8-mer and 7-mer matches seemed
to have the strongest impact on expression, and an additive
effect was found if a given miRNA had more than one
binding site in the target 3'UTR [5, 42]. Interestingly, the
localization of binding sites was found to have importance,
too; thus a site is more likely to be funtional if localized
near the two ends of long UTRs [43]. As HB-EGF has been
anticipated to play a critical role in the tissue environment
where mast cells reside, furthermore, the two ends of
3'UTR of HB-EGF possess two predicted binding sites for
miR-132, which are conserved in mouse and human
(Fig. 5); we chose this gene for further evaluation.

HB-EGF is upregulated in both mouse and human IgE/
antigen-activated mast cells

Similar to other growth factors, HB-EGF is upregulated in
IgE/antigen-induced mast cells [29]. To follow up the

kinetics of HB-EGF expression during mast cell activation,
we performed both real-time RT-PCR and Western blot
experiments. Already 2 h after activation via IgE/antigen,
we could detect a significant increase in the mRNA level of
HB-EGF both in BMMCs (Fig. 6a) and human mast cells
(Fig. 6d). Interestingly, MC/9 cells showed a more pro-
nounced upregulation of this growth factor compared to the
primary cells (Fig. 7b). In line with this, HB-EGF protein
showed an increment after 2 h and dropped back to the
initial value at 24-48 h after activation (Fig. 6b—c).

miR-132 regulates HB-EGF expression
at the translational level

To validate the interaction between miR-132 and HB-EGF,
the miR-132 level was regulated by transiently transfecting
Pre-miR and Anti-miR nucleotides into MC/9 mouse mast
cells and BMMCs 24 h before activation. We then moni-
tored the effect of miR-132 level on Hbegf in activated
cells by using RT-qPCR. The delivery of miR-132 pre-
cursor oligonucleotides did not consistently influence the
expression of Hbegf at the RNA level upon activation
(Fig. 7b and Fig. S6).

First, we checked the functionality of miR-132 binding
sites in the 3’-UTR of human Hbegf. For this experiment
the luciferase reporter gene was fused with the 3’'UTR
sequences of human Hbegf, and this vector was co-trans-
fected with Pre-miR-132 or negative control oligos into
CHO cells. As the expression of the Hbegf 3'UTR fused
luciferase was 4-5-fold less in samples co-transfected with
Pre-miR than in the controls (Fig. 7a), this proves that the
binding sites in the human 3'UTR of Hbegf are really
functional.

@ Springer
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Fig. 4 Target prediction of miR-132 using mouse and human data
sets of three different target prediction databases. The size of outputs
from the predictions and their overlap for the human (a) and mouse
(b) database show surprisingly minimal overlap. ¢ Targets included in
at least two outputs. d Genes from ¢ were graded according to the sum
of ranked scores. The color intensity indicates the relative probability
of the interaction between miR-132 and the respective targets. Values
in each box show the fractionated ranks in the given data set with
HUGQO identifiers on the right side

Next, we examined whether HBEGF is regulated by
miR-132 at the protein level in mouse mast cells. To
accomplish this aim, BMMCs were transfected with miR-
NA-mimicking and antagonizing nucleotides (Pre-miR and
Anti-miR, respectively), and were stimulated by cross-
linking the high-affinity IgE receptor. In order to analyze
the effect of modulated miR-132 levels on kinetics of HB-
EGF protein expression, samples were subjected to
immunoblotting at different time points after activation
(Fig. 7¢). The negative control-transfected cells showed a
similar HBEGF expression profile as it was observed in
untransfected cells (Fig. 6b). In addition, HBEGF protein
levels mirrored miR-132 expression if blots were detected
and exposed under the same circumstances. In the presence
of Pre-miR-132 precursor oligos, a decreased baseline
expression of HBEGF was found compared to the negative
control (Fig. 7d). Interestingly, the peak of HBEGF
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Fig. 5 MiR-132 has two predicted binding sites in the 3'UTR of
mouse and human HB-EGF. a The target prediction database
TargetScan (version 5.1) shows an 8mer and a 7mer-1A predicted
pairing between human HB-EGF 3’UTR and miR-132. b The
predicted target sites are identical in the mouse and human HB-
EGF 3'UTRs. ¢ Minimum free energy values and structures of the
hybridized miRNA/target duplexes calculated by RNAhybrid (
http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/)

production developed tardily and also was completed at a
lower level. More importantly, neutralization of endoge-
nously produced miR-132 by Anti-miR-132 results in
sustained HBEGF production, and its level remains ele-
vated even after when downregulated in transfection
controls. Thus, the exogenous delivery and knockdown of
miR-132 clearly prove that miR-132 controls HBEGF
protein levels in activated mast cells.

Discussion

Our study determined a microRNA gene expression pattern
by microarray technology to gain insight into the differ-
entiation process of mature mucosal-type mast cells and
IgE-mediated activation of a commonly used in vitro
mouse mast cell model, the BMMCs. The role of mi-
croRNAs in the differentiation and functions of cells, such
as most hematopoietic lineages, is underlined by an
increasing number of studies. Importantly, to our knowl-
edge this is the first comprehensive study that uncovered
the specific microRNA pattern characteristic for differen-
tiated and activated mast cells. Surprisingly, our data
indicated that most differences could be detected between
the progenitor stage and the immature form of mast cells,
while only a few miRNAs changed when mucosal mast
cells were differentiated from BMMC:s in vitro. The rela-
tively low number of miRNAs associated with the MMC
maturation process is unexpected as previous studies
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showed the marked switch of gene expression pattern and
phenotypic differences between these two cell populations.

To follow up the miRNA expression changes during
mast cell differentiation, data had to be compared to a
progenitor population; however, the early steps of this
process are still not well understood [44-48]. To obtain
these cells for gene expression studies, we separated the
c-Kit+ cells at an early time point from differentiating
culture committed to the mast cell lineage. These cells,
characterized by the CD34+, lineage—, FceRla+ pheno-
type, represent a very early phase of mast cell maturation
after 6-day exposition to a defined cytokine environment.

Our microarray analysis showed that during mast cell
differentiation many miRNAs, which are involved in hae-
mopoietic differentiation, such as miR-223 or miR-451, are
downregulated. Interestingly, miR-223 was found to be
specific for the myeloid lineage and negatively regulates
the proliferation of the progenitors and granulocyte dif-
ferentiation and activation [38]. Expression of miR-223
decreases as granulocyte-monocyte progenitors differenti-
ate to monocytes, indicating the role of miR-223 in fate
decisions of the myeloid lineage. In addition, miR-451 is
known to play an essential positive regulatory role in the
differentiation of erythroid cells, whereas it changes in the
opposite direction when activated by GATA-1 directly
[49]. In vivo studies identified that miR-451 regulates the
expression of gata? in zebrafish [34]. Interestingly, GATA-

1 and GATA-2 are shared in erythropoiesis/mega-
karyopoiesis and mast cell differentiation, and a strict
regulation of these transcription factors is important for cell
fate decisions of the hematopoietic lineages [50].

In the frame of the first miRNA profiling of hemato-
poietic cells, the mast cell differentiation was also
examined. In this study hematopoietic progenitors, derived
from Pu.l1—/— mice, were compared to in vitro differen-
tiated BMMCs and to cells representing the different
developmental stages of lymphoid lineage. The authors
concluded that the expression patterns of differentiated
effector cells (Th1, Th2 and BMMC) were more similar to
each other than to their respective precursor cells (DN T
and Pu.l—/— precursor cells) [51]. The upregulation of
miR-26a, miR-24 and miR-27a, and the downregulation of
miR-223 have been considered as specific changes during
mast cell differentiation. In our system we got similar
results about these miRNA changes as there were signifi-
cant differences in their expression (increased 3.72-fold,
2.87-fold, 2.57-fold and decreased 8.9-fold, respectively).

Our miRNA profiling data may raise many, not yet
investigated questions, which can make the role of miR-
NAs in the differentiation of this hematopoietic lineage
understandable. In order to confirm these findings, other
studies are needed. In fact, gain of function (ectopic
expression of a microRNA gene) and loss of function
(knockout of a microRNA gene) experiments help to reveal

@ Springer
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Fig. 7 miR-132 regulates HB-EGF expression at protein level. a Pre-
miR-132 represses the activity of HB-EGF 3'UTR luciferase vector.
CHO cells were co-transfected with a luciferase vector containing
HB-EGF 3'UTR or control sequence and negative control precursor
oligos or Pre-miR-132. The measured luciferase activity signals were
normalized to values of the only with vector transfected cells, and
then these values were plotted as ratios of correspondingly treated
groups, dividing normalized signals derived from HB-EGF 3'UTR
and control sequences containing luciferase (n = 3, means = SEM
are shown, **p <0.01 by ANOVA and Tukey-HSD post-hoc).
b Kinetics of miR-132 and Hbegf expression in MC/9 mast cells
transfected with miR-132 mimicking (Pre-miR) and neutralizing
(Anti-miR) oligonucleotides. MC/9 cells were activated by ionomycin
for the indicated time intervals (n = 3, mean == SEM). Note that
miR-132 did not influence the expression of Hbegf at the RNA level
in MC/9 mouse cell line. ¢ The effect of modulated expression of

the functional relevancy of the spatiotemporal expression
of these microRNAs [36].

Next we focused on miRNAs differentially regulated
upon mast cell activation, and we selected miR-132, which
showed the highest upregulation in IgE/antigen-stimulated
mast cells. In a previous publication, the upregulation of
miR-221 and miR-222 was demonstrated upon mast cell
activation in BMMC:s in vitro [52]. It was found that these
were the only miRNAs that were identified as being dif-
ferentially expressed in activated compared to resting mast
cells. As these upregulated miRNAs were shown to affect
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miR-132 on HB-EGF protein level in BMMCs. Three independently
differentiated BMMCs were pooled and transfected with 100 nM
Anti-miR negative control (NC), Anti-miR-132 and Pre-miR-132
oligonucleotides with Amaxa Nucleofector. After 24 h, cells were
presensitized with IgE, and then 10 ng/ml DNP-HSA was added. The
cells were lysed after the indicated incubation time, and then equal
amounts of total proteins were subjected to Western blotting. The
blots were incubated with the same buffer with corresponding
antibodies (anti-HB-EGF or anti-actin) and exposed to the same X-ray
film in order to compare the inter-transfection baseline alterations.
d Quantification of the bands on Fig. 7c. These bands were quantified
with ImageJ, and the HBEGF/actin density values were plotted after
normalization to the corresponding controls. The x axis shows the
time point after IgE+ antigen activation. Note that the HB-EGF
protein expression was still sustained in the Anti-miR-132-transfected
samples even after 72-h-long stimulation

cell cycle regulation, they are suggested to play a role in
proliferation of mast cells after their activation. In our
microarray experiment, during the differentiation and
activation we missed detecting the alteration of these
miRNAs. This may be due to the different ways to model
the activation process, e.g., ionomycin and PMA were
applied because of their stronger observed effect on mast
cells. Nevertheless, in our system, the crosslinking of Fce
receptor-bound IgE represents a milder but more specific
way to induce the activation of mast cells. In fact, in ion-
omycin-stimulated BMMCs we also observed a significant
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upregulation of miR-221, but the miR-132 level change
was more pronounced upon activation, especially if their
alterations in IgE-activated cells are compared to unstim-
ulated ones. The appropriate time for measurements
probably has an important role as well, but in response to
different activating stimuli similar kinetics were observed
in the expression of miR-132 and miR-221 between 6 and
72 h post activation.

The majority of miRNAs are expressed in a wide variety
of tissues, and only a relatively small subset of miRNAs
accounts for most of the differences in miRNA profiles
between cell lineages and tissues. Nevertheless, in many
cases miRNAs, originally thought to be tissue-specific,
later turned out to be expressed more broadly. Interest-
ingly, miR-132 belongs to this group: first, it was described
as a brain-related microRNA. Its function was initially
discovered in the brain [53-56], but later its crucial role
was proved in other tissues, such as in adipocytes [57],
ovarian granulosa cells [58] or normal mammary gland
development [59]. Furthermore, recently miR-132 has been
discovered to be critical in the maturation and function of
cell types involved in the immune system, like monocytes
[39] and primary lymphatic endothelial cells [60]. More-
over, this miRNA can serve as a possible link between the
neuronal and immune systems. Recently, it has been
reported that inflammatory stimuli induced the expression
of the miR-132, which mediates an anti-inflammatory
effect via targeting acetylcholinesterase in leukocytes.
Since the vagal secretion of acetylcholine suppresses
inflammation in the periphery, miR-132 was hypothetized
to attenuate the inflammation. Furthermore, these studies
also showed the involvement of microRNAs in the regu-
lation of the brain-immune axis [61]. Importantly, the
emerging role of miR-132 in the immune system is indi-
cated in models of bacterial [39] and viral infection [60],
and malignant hematological [62] and chronic inflamma-
tory diseases [63].

Interestingly, our data clearly showed that the upregu-
lation of miR-132 can be induced by a Ca-influx, which is a
downstream step of FceR-signaling. MiR-132 is known to
be upregulated in the neuronal context in a CREB-medi-
ated way [55]. Other transcription factors have been
indicated to be involved in mast cell activation, like
GATALI and GATA?2 (required also in development) [64].
Interestingly, GATA proteins interact with the MeCP2
[54]) and the CREB-binding proteins CBP/p300 [60], both
of which are experimentally validated targets of miR-132,
and the latter one is also a high-ranked gene in our pre-
dicted list (Ep300). These interactions may lead to the
accessibility of chromatin for expression from the Th2
locus [65]. With computational methods several cis-regu-
latory motives (24!) have been identified that may regulate
miR-132 expression. The large number of predicted sites

for transcription factor binding may indicate the functional
importance of miR-132. Furthermore, the combinatorial
interaction of these factors is suggested to result in the wide
dynamic range of miRNA expression [66]. One of these
predicted transcription factors, the cAMP-response element
binding protein (CREB), has been validated in a study.
Interestingly, miR-132 was found to contribute to neural
morphogenesis through the translational repression of a
GTPase-activating protein, p250GAP [55].

To find relevant targets of this microRNA, we per-
formed a bioinformatic search by using both mouse and
human data sets of three different algorithms. Among the
probable targets, the growth factor HB-EGF was further
analyzed, as it is upregulated upon IgE crosslinking and is
a high-ranked candidate predicted by all three algorithms
both in the mouse and human. In luciferase assay we could
demonstrate the functionality of miR-132 binding sites in
the 3’UTR of human Hbegf. By using miR-132 mimicking
and neutralizing oligonucleotides, we confirmed the regu-
latory effect of miR-132 on HB-EGF expression at the
protein level in mast cells. Interestingly, HB-EGF would
not be the only target of the “gatekeeper” miR-132,
because it was observed to play a role in induction of
neovascularization via targeting pl20RasGAP in tumor
endothelium [67].

HB-EGF is expressed in many types of cells, and it
functions as a mitogenic and chemotactic factor for cells
expressing the ErbB4 receptor, such as vascular smooth
muscle cells, fibroblasts, keratinocytes and hepatocytes. As
HB-EGEF is also upregulated upon mast cell activation, we
suggest that miR-132 is a negative regulator of this mast
cell-derived growth factor to avoid inadequate remodeling
in chronic allergen exposure. Especially, it may have great
importance in physiological responses and diseases, such
as wound healing, asthma, nasal polyposis and psoriasis, as
all of them can be characterized by an extensive tissue
remodeling and inflammatory activity of mast cells. HB-
EGF has also been implicated in the pathogenesis of
bronchial asthma. Asthma is a chronic respiratory disease
that is generally characterized by inflamed airways and
reversible bronchoconstriction. A relatively small propor-
tion of patients suffers from a severe type of asthma with
permanent airway constricton and the unresponsiveness to
corticosteroid therapy. Interestingly, in severe asthma nei-
ther the presence of inflammatory cells nor the extent of
epithelial damage, but rather the elevated number of
fibroblasts and larger mucous glands and airway smooth
muscle areas correlate with the severity of the disease [68].
The complex remodeling of the airways and lung tissue
has been suggested to be mediated by EGFR-signaling
[69] in a rat model of allergic asthma. Very recently, the
involvement of EGFR signaling was suggested in the
IL-6-dependent recruitment of T cells to the airways in an
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OVA-induced rat asthma model [70]. HB-EGF is also
implicated in heart tissue remodeling after myocardial infarct
[71]. Thus, all these data point to the critical importance of
proper regulation of EGFR signaling and HB-EGF.

In summary, here we attempted to gain a comprehensive
view of the miRNA pattern and its alterations during mast
cell differentiation and IgE-mediated activation. These data
were obtained by a standard microarray platform, and
therefore they can be easily integrated into miRNA gene
expression data of other hematopoietic lineages. The
interplay between miR-132 upregulation and the regulation
of HB-EGF expression suggests a negative feedback
mechanism that may take part in silencing the activated
mast cells and thus contributes to avoiding the prolonged
stimulation of the tissue environment.
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